Abstract In leukemia cells, hyperthermia enhances tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis. The phenomenon is caspase-dependent and results in membrane changes leading to an increased recognition of TRAIL death receptors by TRAIL. Because either caspase-2 or an apical proteolytic event has been recently proposed to act as an initiator of the cell death mechanism induced by heat shock, we have investigated the hierarchy of caspase activation in cells exposed to the combined heat shock plus TRAIL treatment. We report here that caspases-2, -3, and -8 were the first caspases to be activated. As expected, caspase-8 is required and indispensable during the initiation of this death signaling. Caspase-2 may also participate in the phenomenon but, in contrast to caspase-8, its presence appears dispensable because its depletion by small interfering RNA is devoid of effects. Our observations also suggest a role of caspase-3 and of a particular cleaved form of this caspase during the early signals of heat shock plus TRAIL-induced apoptosis.
Introduction
The heat shock (HS) response, characterized by the induction of HS proteins (Hsps), has been extensively studied; however, the prime intracellular signal that triggers the pathway of induction of HS genes is still a matter of discussion between the classical stress-sensing principle based on protein denaturation (Morimoto 1998) and the membrane-sensor approach based on heat-induced changes in the lipid composition and architecture of membranes (Nagy et al. 2007; Vigh et al. 2007 ). Moreover, the molecular mechanism leading to heatinduced cell death is not better understood (Beere 2004; Lindquist 1986; Milleron and Bratton 2007) . Although a mild stress, by inducing Hsps synthesis, can protect cells against heat-induced injuries (Gerner and Schneider 1975) , in various cancer cells, hyperthermia has been described to enhance apoptosis induced by anticancer agents (Kampinga 2006) .
Caspases (cysteinyl aspartate-specific proteases), essential in the apoptotic machinery, are synthesized as inactive enzyme precursors (zymogens) (Alnemri et al. 1996) .
Initiator caspases (caspase-2, -8, -9, -10) activate downstream caspase effectors also named executioners (caspase-3, -6, -7), which execute the death program through the destruction of numerous subcellular components (Timmer and Salvesen 2007) . Caspase substrates share a tetrapeptide motif often composed of an aspartate in the last position of the cleavage site. Viral and cellular inhibitors of caspases have been described, such as CrmA, Flip (FLICE-inhibitory protein), and XIAP, a member of the inhibitor of apoptosis protein (Callus and Vaux 2007; Ekert et al. 1999) . To block apoptosis, various synthetic peptide inhibitors have been developed based on the cleavage site motif of the different caspases (Lavrik et al. 2005; Thornberry et al. 1992) , such as the cell permeable and irreversible Pan caspase inhibitor z-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk).
Two main death pathways exist that are characterized by specific caspase initiators. On one hand, the extrinsic apoptosis pathway is initiated subsequent to death receptor signaling by the activation of the initiator caspase-8 and -10 through the death-inducing signaling complex (DISC) formation (Ho and Hawkins 2005) . On the other hand, the intrinsic apoptosis pathway depends on mitochondria and causes initiator caspase-9 activation through apoptosome formation (Ho and Hawkins 2005) . The last caspase initiator that has been described in the literature, caspase-2, is implicated in various death stimuli and could be recruited to different large multiproteic complexes (Ho and Hawkins 2005) . For example, an initiator role of caspase-2, through the formation of the PIDDosome (p53-Induced Death Domain-containing protein) (Tinel and Tschopp 2004) , has been described after genotoxic stress. Moreover, Tu et al. (2006) have suggested that caspase-2 is the initiator caspase that triggers HS-induced apoptosis. In contrast, Milleron and Bratton (2006) recently reported that hyperthermia-mediated cell death is independent of any known initiator caspase-activating complex. Moreover, these authors have suggested that an apical protease is activated by HS and subsequently triggers caspase-3 processing.
We have previously shown that hyperthermia combined with the cytokine tumor necrosis factor-related apoptosisinducing ligand (TRAIL) treatment strongly stimulated the apoptosis of leukemia cells, including cells from chronic lymphocytic leukemia patients (Moulin and Arrigo 2006; Moulin et al. 2007b ). Additionally, this cotreatment was not toxic for normal T-lymphocytes. We have also shown that the apoptosis stimulation was caspases and DISC formation-dependent, but protein neosynthesis (i.e., newly made Hsps) -independent. Moreover, the phenomenon was correlated with an enhanced recognition of TRAIL death receptors DR4 and DR5 by the cytokine, a phenomenon linked to ceramide up-regulation and membrane fluidization (Moulin et al. 2007a ).
Because the mechanism responsible for HS-induced apoptosis is unclear (Milleron and Bratton 2007) , we analyzed whether caspase-2 or an apical proteolytic event was implicated in cell death induced by the cotreatment TRAIL plus HS. Different approaches were used, including small interfering RNAs (siRNAs), inhibitors that target caspases and in situ trapping of activated caspases. We show here that caspase-8 is required for TRAIL and HS cotreatment-induced apoptosis. Moreover, a proteolytic event of unknown origin processed caspase-3 to an intermediate cleavage form different from p17/p12 subunits. These observations suggest an initiator role of caspase-3 in HS combined with TRAIL-treated cells.
Materials and methods
Reagents, treatments, and cell culture Soluble human recombinant TRAIL (extracellular domain, 169 AA) was from PeproTech (Rocky Hill, NJ, USA). Caspase inhibitors (z-VAD-fluoromethylketone, VDVADfmk, DEVD-fmk, IETD-fmk, LEHD-fmk) were purchased from Alexis Biochemicals-Qbiogen (Illkirch, France). Heat treatment was performed at 42±0.1°C in a thermostatic Huber water bath (Fisher Bioblock Scientific, Illkirch, France). Jurkat human T-lymphocytes line has already been described (Manero et al. 2004; Moulin et al. 2007a ). Cells were grown at 37°C in the presence of 5% CO 2 in Roswell Park Memorial Institute medium supplemented with 10% fetal calf serum and 50 U/ml penicillin/streptomycin (Invitrogen, Cergy Pontoise, France).
Cell death analysis
AnnexinV-FITC and propidium iodide (PI) staining (Roche, Meylan, France) was performed as already described (Moulin and Arrigo 2006) . siRNA-mediated knock-down of specific caspases RNAi-mediated knockdown of caspase-2, -3, -8, and -9 was performed using 19-nucleotide-specific RNA duplex oligonucleotides (Eurogenetec, Angers, France). Transient transfection (nucleofection) of Jurkat cells was performed using the Amaxa system (Amaxa, Köln, Germany). In 100 μL Nucleofector™ solution containing the different RNA duplexes, 7.5 ×10 6 cells were resuspended and subjected to pulse I-010 according to the manufacturer's instructions. Twenty-four and 48 h after nucleofection, the efficiency of siRNA-mediated knockdown of the different caspases was estimated by Western blot using specific antibodies.
Western blot analysis
Gel electrophoresis and immunoblots were performed as already described (Moulin and Arrigo 2006) . Anti-actin antibody (clone C4) was from Roche (Indianapolis, IN, USA). Anti-caspase-3 antibody (clone 65906E, pro-and active-forms) was from Pharmingen (SanDiego, CA, USA). Anti-caspase-2 antibody was from BD Transduction Laboratories (Le Pont de Claux, France). Anti-caspase-8 (C15), anti-caspase-9 pro-form was from Alexis BiochemicalsQbiogen (Illkirch, France) and p37 cleaved form of caspase-9 was from Chemicon (Temecula, CA, USA). Goat anti-mouse antibody was from Caltag (Burlingame, CA, USA). The ECL kit from Amersham Biosciences Europe (Orsay, France) was used to reveal antibody-probed immunoblots. Autoradiographs were recorded onto X-Omat LS films (Eastman Kodak, Rochester, NY, USA).
Caspase activation analysis
ApoStat staining (R&D System, Lille, France) was performed as already described (Moulin and Arrigo 2006) . Fluorometric assay kit (R&D Sytems, Lille, France) was used for the determination of VDVAD-AFC-dependent caspase-2-like activities, DEVD-AFC-dependent caspase-3-like activities, IETD-AFC dependent caspase-8-like activities, and LEHD-AFC dependent caspase-9-like activities, and analysis was performed as already described (Moulin and Arrigo 2006) . After treatment, each sample was divided in four parts to simultaneously analyze caspase-2, -3, -8, and -9 activities.
In situ trapping of activated caspases For initiator caspase trapping, the method described by Tu et al. was used (Tu et al. 2006) . For 1 h and 45 min, 5×10 7 cells were preincubated with 50 μM of biotin-VAD-fmk (bVAD-fmk) from MP Biomedicals (Illkirch, France). Cells were then either untreated or treated with 100 ng/ml of TRAIL and/or incubated for 1 h at 42°C and allowed to recover for 3 h at 37°C. For effector caspase trapping, the method described by Shin et al. was used (Shin et al. 2005) . Before being incubated for 1 h with 10 μM of bVAD-fmk, 2.5×10 7 cells were either untreated or treated with TRAIL and exposed to HS as above. Subsequent to caspase trapping, cells were lysed in CHAPS lysis buffer (KCl 150 mM, Hepes 50 mM, CHAPS 0.5%, glycerol 5%, and a cocktail of protease inhibitors from Roche, (Indianapolis, IN, USA). Active caspases were precipitated using 50 μL of streptavidinagarose overnight. After five washings, the presence of the precipitated caspases was detected in immunoblots probed with specific antibodies. After each treatment, caspases present in total cellular lyzate, as well as total cellular lyzate depleted of bVAD-fmk recognized caspases (i.e., unbound fractions), were also analyzed.
Results

Analysis of caspase processing after TRAIL and HS cotreatment
We have previously shown that HS is a potent stimulator of TRAIL-induced apoptosis in leukemia cells (Moulin and Arrigo 2006; Moulin et al. 2007b ). The death stimulation, characterized by the enhanced recognition of TRAIL death receptor by the cytokine, results from changes in membrane fluidity and ceramide (Moulin et al. 2007a) . Recently, two different research groups have suggested the involvement of specific proteases in heat-induced apoptosis. Tu and coworkers (2006) have proposed that caspase-2 is the initiator caspase, whereas Bratton (2006, 2007) favor the activation of an unknown apical protease. Here, we have analyzed the caspases activation hierarchy during the apoptotic process induced by the HS + TRAIL cotreatment. We first analyzed whole caspases activation. Jurkat cells were either kept untreated (NT) or treated with 100 ng/ml of the cytokine TRAIL during 4 h. This was combined or not, during the first hour of TRAIL treatment, to a 42°C HS challenge, which was followed by a 3-h recovery period at 37°C. After 4 h of treatment, total caspase activation was analyzed using a cell permeable FITC conjugated caspase inhibitor (ApoStat™). Figure 1a shows that TRAIL induced an 11-fold increase in the activation of total caspases, while the HS treatment only induced a modest activation (1.75-fold). In contrast, the combined treatment induced a 19-fold stimulation of caspase activity, which illustrates the synergistic effect of hyperthermia on TRAIL.
Next, analysis of the kinetics of activation of the different caspases was performed by Western immunoblots and fluorometric assays. In this respect, we analyzed the cleavage process of caspase initiators-2, -8, and -9 and of the main caspase executioner, caspase-3. As seen in the kinetic analysis presented in Fig. 1b , the cleavage of caspases already occurred after 1 h of cotreatment, while it was not detectable in cells treated with TRAIL only. After 4 h of treatment, caspase activation was far more intense in cells exposed to the combined HS + TRAIL treatment than with TRAIL only. This analysis also suggested that the cleavage of the major initiator caspases (-2, -8, -9 ) occurred at about the same time period as caspase-3. A more precise kinetic analysis was performed by analyzing the activation of the different caspases by fluorometric quantitation assays every 10 min during the first hour of the different treatments and then every each hour up until 4 h. Figure 2a confirms that TRAIL does not significantly induce the activities corresponding to caspase-2, -3, -8, and -9 during the first hour of treatment. In contrast, in cells exposed to HS alone, caspase-2-like (VDVADase), caspase-3-like (DEVDase), and caspase-9-like (LEHDase) activities were slightly stimulated during the first hour of the treatment, whereas IETDase-dependent caspase-8-like activity was not. The activation was maximal at the end of the HS treatment and then decreased during the recovery period at 37°C. In cells exposed to the combined HS + TRAIL treatment, caspases-2-, -3-, and -8-like activities began to be stimulated after 30 min of treatment, while caspase-9- Caspase activation by TRAIL and HS cotreatment. a Jurkat cells resuspended in fresh culture medium were either kept untreated (NT) or treated with 100 ng/ml of the cytokine TRAIL during 4 h (TRAIL). This was combined (HS + TRAIL) or not (HS), during the first hour of TRAIL treatment, to a 42°C HS, which was followed by a 3-h recovery period at 37°C. Immediately after the different 4-h treatments, cells were stained with cell-permeable FITC-conjugated caspase inhibitor
Apostat-FITC (FL1H) and analyzed by flow cytometry. b Immunoblot analysis of initiator caspase-9, -8, and -2 and executioner caspase-3. Cells were treated 5, 15, 30, or 60 min or 4 h with 100 ng/ml of TRAIL combined or not with heat treatment. Then, protein samples from total cell extracts were analyzed by gel electrophoresis. Autoradiographs of the immunoblots probed with specific antibodies (as described in "Materials and Methods") are presented like activity was detectable only 20 min later (Fig. 2a) . The activities of the different caspases reached a maximal intensity after 3 to 4 h of treatment.
We then compared the activity of the different caspases induced by the HS + TRAIL treatment to that observed in TRAIL-only treated cells. As seen in Fig. 2b , during the first hour of the cotreatment, caspase-3-like and caspase-2-like activities were highly stimulated (10-fold and 7.5-fold, respectively) compared to the activation induced by TRAIL only. The maximal stimulations were reached after 50 min (caspase-3) and 60 min (caspase-2) of cotreatment. Thereafter, the stimulations declined with similar kinetics and were less than threefold after 3 h of cotreatment. Concerning caspase-9-like activity, the stimulation (fourfold) was observed after 50 min and was maintained until 3 h of cotreatment. Surprisingly, during the first hour of the cotreatment, no significant stimulation of caspase-8-like activity was observed due to the fact that TRAIL and HS + TRAIL treatments stimulated this activity with a similar intensity. Two hours of cotreatment was necessary to detect a caspase-8-like activity that was more important (threefold) than that induced by TRAIL only. Nevertheless, caspase-8 was indispensable to initiate the death signaling, as its absence (by silencing or analysis of caspase-8 −/− negative cells) abolished TRAIL-and HS + TRAILinduced cell death (see Fig. 3 and Moulin and Arrigo 2006) . Hence, the early and intense stimulation of the initiator caspase-2 and the executioner caspase-3 is a specific and initial event that occurs during the HS + TRAIL cotreatment.
Silencing of caspases reveals the predominant role of caspase-8 in HS + TRAIL-induced apoptosis
To further elucidate the role of the different caspases in HS + TRAIL-induced apoptosis, we used siRNA technology to down-regulate the intracellular level of caspase-2, -8, -9, and -3. siRNA sense sequences were as described previously by various research groups (Table 1) . The siRNA control (devoid of targets) was called siRNA nonsilencing sequence (siNS) for nonsilencing sequence. Jurkat cells were efficiently transfected up to 80% using Amaxa nucleofection (data not shown). Immunoblot analysis of transfected cells revealed that the level of initiator caspases-2 and -8 was decreased using two independent nonoverlapping siRNAs (siC2a and siC2b in the case of caspase 2 and siC8a and siC8b in the case of caspase 8) (Fig. 3a, lines 2, 3 , 4, and 5). A strong reduction in the level of caspase-9 was obtained using siC9 specific siRNA (Fig. 3a, line 6 ). Concerning the executioner caspase-3, a decrease in the level of this caspase was observed using siC3b but not siC3a (Fig. 3a, lines 8, 9) . Nevertheless, the efficiency of siC3b was less pronounced than that observed using the siRNAs targeting the other caspases. This may be due to the high level of caspase-3 expressed in lymphocytes, such as Jurkat cells (Fernandes-Alnemri et al. 1994) , and could explain the reduced protective activity of this siRNA (see below Fig. 3c ).
We then tested if the siRNAs described above interfered with the death induced by either TRAIL or the combined HS + TRAIL treatment. Twenty-four hours after nucleofection, cells were treated with 100 ng/ml of TRAIL combined or not with a HS treatment, and viability was analyzed by flow cytometry using FITC-Annexin-V/PI staining (Fig. 3b) . It is seen in this figure that, after 4 h of incubation with 100 ng/ml of TRAIL, about 60% of control transfected Jurkat cells (siNS) were still viable. The two independent nonoverlapping siRNAs targeting caspase-8 increased cell viability up to 75%. The gain of viability in cells treated with siRNAs targeting caspase-8 was still observed in cells exposed to HS + TRAIL treatment. Except for the siRNA-targeting caspase-3, the other siRNAs were devoid of significant effect. The siRNAmediated silencing of caspase-3 using siC3b was as efficient to increase cell viability as the silencing of caspase-8. Similar protective activity of caspase-8 siRNAs was observed when the analysis was performed 48 h after nucleofection (Fig. 3c) . However, in these conditions, the efficiency of siC3b caspase-3 siRNA was reduced, particularly in the HS + TRAIL condition. This phenomenon may result from the reduced efficiency of this siRNA to decrease caspase-3 level (see Fig. 3a) .
Next, we tried concomitant transfection with multiple siRNAs. Transfection using siRNAs targeting two different caspases was performed. The following combinations were tested: caspase-8 together with caspases-2 or -9, caspase-3 together with caspases-2 or -8, and caspase-9 together with caspases-2 or -3. Unexpectedly, silencing of caspase-8 with a mixture containing the two independent nonoverlapping siRNAs did not increase the efficiency to reduce apoptosis induced by TRAIL only or the combined treatment obtained when using each caspase-8 siRNA alone (Fig. 4a) . Using siRNAs that are efficient to decrease the level of expression of their target polypeptides, we tested the following combinations: siC8b with siC2b or siC9 or siC3b. As seen in Fig. 4a , the protection against apoptosis induced by these different combinations of siRNAs was comparable to that observed using siC8a + siC8b. Of interest, the combination of siC8b and siC3b did increase the protection against TRAIL, HS, and HS + TRAIL treatments. We noticed that caspase-3 silencing by siC3b alone or in combination with other caspase siRNA increased viability in nontreated cells. This may be due to a role of caspase-3 in the death induced by the nucleofection. Other combinations of siRNA cotransfections targeting caspase-2 and -9 had no effect on cell death induced by TRAIL or the cotreatment, as the viability was the same as that observed using siRNA control (Fig. 4b) . In contrast, the cotranfection of caspase-3 siRNA with caspase-2 or -9 siRNA increased viability significantly by more than 10% in the case of TRAIL or HS + TRAIL treatments with respect to the control (Fig. 4b) . Lastly, we combined the four siRNAs targeting caspases. For an unknown reason, the decrease in the level of the four caspases was less than that observed using single or double transfection (not shown). However, the viability in presence of TRAIL or HS + TRAIL treatment was increased and resembled that observed in the case of the double transfection assays, which include the siRNAs targeting caspase-8 and caspase-3 (Fig. 4b) . Even if the efficiency of caspase silencing was not maximal, these results suggest that caspase-8 and, to a lesser extent, caspase-3 are crucial factors of the death stimulation induced by HS + TRAIL cotreatment. This result is in accordance with our previous observations showing that Jurkat cells devoid of caspase-8 are completely resistant to TRAIL and HS + TRAILinduced apoptosis (Moulin and Arrigo 2006) . In contrast, no significant effect of caspase-2 was noticed. We next analyzed the effects mediated by various inhibitors of caspases on TRAIL and HS + TRAIL apoptosis. Jurkat cells were pretreated for 45 min with various concentrations of pan caspase inhibitor z-VAD-fmk, caspase-8 inhibitor IETD-fmk, caspase-3 inhibitor DEVD-fmk, caspase-2 inhibitor VDVAD-fmk, and caspase-9 inhibitor LEHDfmk (Fig. 5a) . Following the pretreatments, cells were treated for 4 h with 100 ng/ml of TRAIL combined or not with a 1-h HS at 42°C (performed during the first hour of the TRAIL treatment). Immediately after completing the 4 h of treatment, viability was measured by flow cytometry using FITCAnnexinV/PI staining ( Fig. 5b) and caspase processing was analyzed by Western blot (Fig. 5c) . After TRAIL treatment, 60% of cells were viable. In the presence of 10 to 30 μM of the different caspase inhibitors, the level of viable cells raised to more than 80%. One exception was the caspase-2 inhibitor VDVAD-fmk that had absolutely no effect towards TRAILinduced cell death (Fig. 5b) . After HS + TRAIL cotreatment, only 20% of the cells were still viable. At low concentration of the inhibitors, only z-VAD-fmk was efficient to block apoptosis induced by the combined treatment (more than 80% of viable cells). At a concentration of 10 μM, caspase-8, -9, and -3 inhibitors were only partially efficient to prevent apoptosis induced by HS + TRAIL cotreatment (Fig. 5b) . At higher a concentration (i.e., 30 μM), the caspase-8 inhibitor IETD-fmk completely inhibited apoptosis induced by the combined treatment, whereas the effect was less intense in the case of caspase-3 (DEVD-fmk) and caspase-9 (LEHD-fmk) inhibitors. Caspase-2 inhibitor had no effect towards TRAIL apoptosis at any concentration we used. In contrast, this inhibitor interfered, when used at a concentration of 30 μM, with HS + TRAIL apoptosis similarly to DEVD-fmk and LEHD-fmk inhibitors (Fig. 5b) . As synthetic caspase inhibitors have been described to be more or less specific and efficient (Callus and Vaux 2007; Ekert et al. 1999; Lavrik et al. 2005) , we next analyzed caspase processing after TRAIL and HS + TRAIL treatments in the presence of inhibitors (Fig. 4b) . After 4 h of treatment with 100 ng/ml of TRAIL, Western blot analysis revealed efficient cleavage of caspase-8, -2, -3, and -9 (Fig. 5c, line  3 ). This process was more intense in response to the combined treatment resulting in the nondetection of the full-length pro-caspases (line 4). The pretreatment with z-VAD-fmk prevented all caspase cleavage after TRAIL or HS + TRAIL treatments (lines 5 and 6). Caspase-8 is known as the apical initiator caspase with death receptor pathway. In this respect, 10 μM of the caspase-8 inhibitor IETD-fmk was efficient to block the processing of caspase-8 induced by TRAIL only (line 11). Nevertheless, at this concentration, the inhibitor did not fully inhibit pro-caspase-8 cleavage (line 12) and apoptosis (see Fig. 5b ) after HS + TRAIL treatment. However, at a concentration of 30 μM of the inhibitor, the cleavage of the full-length caspase-8 was not detected (line 20), and in this condition, the processing of the other caspases was inhibited, confirming the upstream location of caspase-8. This result is in accordance with the data obtained from experiments aimed at siRNA targeting caspase-8 (Figs. 3  and 4) .
In TRAIL-or HS + TRAIL-treated cells, caspase-2 was cleaved leading to the appearance of a p31 cleaved form. The phenomenon was more intense in HS + TRAIL-treated cells (line 4) than in cells exposed to TRAIL only (line 3). In presence of 10 μM of caspase-2 inhibitor VDVAD, this caspase was still processed (lines 7 and 8) with the same intensity as in cells not treated with the inhibitor, but in these conditions, a new cleaved form (indicated p? in Fig. 5c ) was observed that migrated slower than the p31 fragment observed in TRAIL-or HS + TRAIL-treated cells not exposed to inhibitors. At a concentration of 30 μM of VDVAD or LEHD-fmk, caspase-2 was less cleaved, particularly in HS + TRAIL-treated cells, but the new cleaved polypeptide was still detectable. This observation points to the low efficiency of these inhibitors. In cells treated with 10 μM of DEVD-fmk or IETD-fmk, the processing of caspase-2 was reduced, but the new cleaved form was still detectable.
Concerning caspase-9, the level of the p37 cleaved form of this caspase is presented (Fig. 4b) . At a concentration of 10 μM, the broad-range caspase inhibitor z-VAD-fmk efficiently abolished the cleavage of caspase-9 induced by TRAIL and HS + TRAIL treatments. Similarly, caspase-8 (IETD-fmk) and caspase-9 (LEHD-fmk) inhibitors also abolished the appearance of p37 in response to TRAIL. In contrast, in HS + TRAIL-treated cells, these inhibitors had no effect. The other inhibitors were also not effective at this concentration. At a higher concentration (30 μM), most inhibitors decreased the processing of caspase-9 leading to the appearance of p37.
Following HS + TRAIL cotreatment, caspase-3 underwent cleavage, resulting in the appearance of p17 and p12 polypeptides (Fig. 5c, lines 3 and 4) . In the presence of 10 μM of z-VAD-fmk or 30 μM of IETD-fmk, no caspase-3 cleavage (Fig. 5c, lines 5 , 6, 19, and 20) and no apoptosis were observed (Fig. 4a) . What is more striking were the effects induced by the other inhibitors (except IETD-fmk at 30 μM): indeed, in the presence of these inhibitors, caspase-3 was still processed, but new cleavage forms (noted p?a and p?b in Fig. 5c ) were detectable (lines 8, 10, 12, 14, 16, 18, and 22) instead of the classical p17 and p12 forms (lines 3 and 4). These new forms migrated slightly faster than the 20-kDa molecular weight marker (not shown). A concentration of 30 μM of the inhibitors favored the appearance of the p?a form (excepted in the case of IETD-fmk treated cells where it was not detectable). These new processed forms of caspase-3, which were only weakly detectable in samples from TRAIL-only treated cells, correlated with a percentage of cell death ranging from 30 to 70 depending on the inhibitor that was used (Fig. 5b) . We then analyzed the effects of 10 μM of the different Control experiments where cells were either kept untreated or exposed to a HS treatment of 1 h at 42°C are also presented. The percentage of viable cells is represented as histogram plots and is representative of three identical experiments; standard deviations are presented (n=3). C Cells were pretreated for 45 min with either 10 μM of the pan caspase inhibitor z-VADfmk or 10 to 30 μM of the different caspase inhibitors presented above in A. Cells were then treated for 4 h with 100 ng/ml of TRAIL or the combined treatment HS (1 h at 42°C) and TRAIL. Then, protein samples from total cell extracts were analyzed by gel electrophoresis and immunoblots were probed with specific antibodies (as described in "Materials and Methods"). Autoradiographs are presented caspase inhibitors on caspase-3-like activity in cells treated with TRAIL or HS + TRAIL (same conditions as those described in Fig. 5c , lines 1 to 14). As determined by fluorometric assays, TRAIL and HS + TRAIL treatments increased caspase-3-like activity by 11-and 37-fold, respectively, compared to the background activity detected in untreated cells (data not shown). This high level of activity was not detectable in cells pretreated with z-VADfmk, DEVD-fmk, or IETD-fmk. However, in cells pretreated with VDVAD-fmk and LEHD-fmk, a slight caspase-3-like activity (2.4-fold increase compared to basal activity) was detectable in HS + TRAIL-cotreated cells (data not shown). In VDVAD-fmk-and LEHD-fmk-treated cells, immunoblot analysis revealed that the signal at the level of p?b cleavage product was more intense than that of p?a polypeptide (lines 8 and 14 in Fig. 5c ). This observation, together with the fact that no caspase-3 activity is detected in IETD-fmk-treated cells, which contains mainly p?a polypeptide, suggests that the 2.4-fold increase in caspase-3-like activity may be related to p?b polypeptide.
Cleavage of caspase-3 in a particular intermediate form in HS + TRAIL-induced apoptosis
Finally, we expanded our study using a cell-permeable biotinylated caspase inhibitor VAD-fmk (bVAD-fmk) that binds covalently and irreversibly to active caspases (Mohr and Zwacka 2007; Tu et al. 2006) . In this respect, bVADfmk was used for in situ trapping of activated initiator caspases when it was applied before death treatment. Hence, we treated Jurkat cells with 50 μM bVAD-fmk for 1 h and 45 min before treatments. Figure 6a (lines 1-4) revealed that, in the presence of bVAD-fmk, full-length caspases were not processed in response to TRAIL and HS + TRAIL treatments, a phenomenon that correlated with the inhibition of apoptosis (data not shown). bVAD- In situ trapping of initiator and effector caspases in response to TRAIL and HS cotreatment. a bVAD-fmk pretreatment. For 1 h and 45 min, 2.5×10 7 Jurkat cells, preincubated with 50 μM of bVAD-fmk, were either kept untreated or treated with 100 ng/ml of TRAIL during 4 h (TRAIL). Cells were also incubated 1 h at 42°C and allowed to recover 3 h at 37°C (HS) or were exposed to the combined treatment. Immediately after the different 4-h treatments, cells were lysed in CHAPS lysis buffer and active caspase were precipitated using 50 μL of streptavidin-agarose overnight (see "Materials and Methods"). Fulllength caspase-8, -3, and -2 were immuno-detected using specific antibodies in the total cell lyzate (Total) and in the unbound fraction (Total lyzate depleted of bVAD-fmk recognized caspases). Autoradiographs are presented. b bVAD-fmk posttreatment. Cells were treated as above (in a) excepted that bVAD-fmk treatment was performed immediately after (instead of prior to) the treatments. In this case, the treatment was for 1 h with 10 μM. Full-length caspase-8, -3, and -2 were immuno-detected with specific antibodies in the total cell lyzate and the unbound fraction (defined above in a). Autoradiographs are presented. c) The bVAD-fmk biotinylated-caspase inhibitor was used either before or after the HS + TRAIL cotreatment (as described in a and b). Active caspases (full-length and cleaved forms) recognized by bVAD-fmk were pulled down and analyzed in immunoblots probed with specific antibodies (as described in "Materials and Methods") fmk-bound activated caspases were precipitated using streptavidin-agarose, as described in "Materials and Methods". The proteins present in the supernatant fractions devoid of bVAD-fmk recognized caspases were then analyzed in immunoblots probed with specific anti-caspase antibodies. It can be seen in Fig. 6a that, after TRAIL treatment, full-length caspase-8 and caspase-2 were strongly depleted. The depletion was more intense and almost complete in cells exposed to HS + TRAIL cotreatment (line 8) compared to cells exposed to TRAIL only (line 6). A small decrease in caspase-3 level was also detectable, but the effect was of similar intensity in cells exposed to TRAIL or HS + TRAIL. A decrease in caspase-2 was also observed in HS-treated cells; this phenomenon may be reminiscent of the proposed role of this caspase to trigger heat-activated apoptosis (Tu et al. 2006) . In a similar experiment, bVAD-fmk was added to cells after TRAIL, HS, or HS + TRAIL treatments to detect caspase executioners. Figure 6b (lines 1-4) reveals that, in response to TRAIL and HS + TRAIL, caspase-8, -3, and -2 were well processed because their full-length forms had disappeared. It is of interest that the effect was not observed in cells exposed to HS only. Analysis of the supernatant fractions devoid of bVAD-fmk-recognized caspases revealed that the profile of remaining full-length caspases was identical to that observed in the total fraction.
We next analyzed the pulled-down caspases in bVADfmk-pretreated cells that were subsequently HS + TRAILtreated. It can be seen in Fig. 6c that a small amount of full-length caspase-8 was pulled down together with a high level of the cleaved p18 form (Fig. 6c, line 2) . Full-length caspase-2 was also pulled down. Concerning the executioner caspase-3, a striking finding was the detection of the full-length pro-caspase together with a cleaved form (p??), which migrated in the gel similarly to the p?b polypeptide (described above in Fig. 5c ). These results first suggest that caspase-8 and -2 are initiator caspases in response to HS + TRAIL treatment. Moreover, we show that an apical cleavage of caspase-3 generating an intermediate form was recognized by bVAD-fmk pretreatment. We also analyzed Hsp90 as a cytoplasmic non-caspase control protein, and this protein was never pulled down whatever the treatment used was (data not shown). Analysis of the pulled-down caspases in bVAD-fmk posttreated cells that were previously HS + TRAIL-treated revealed no signals at the level of the full-length or processed form of caspase-2 and -8, while the cleaved and active forms of caspase-3 (p17-p12) were clearly detected (Fig. 6c, line 3) . Caspase-9 was not pulled down in either bVAD-fmk pretreatment or posttreatment (data not shown). In summary, caspase-3 appears to be activated in two different ways: we confirm that caspase-3 is an executioner caspase, but we also show that its full-length and an intermediate form are detected in bVAD-fmk-pretreated cells. This suggests that caspase-3 may also be involved in the mechanism of HS + TRAIL apoptosis initiation.
Discussion
We have previously shown that, in leukemic lymphocytes, HS induces a strong and caspase-dependent stimulation of TRAIL-mediated apoptosis. This phenomenon resulted from cell surface modifications enhancing TRAIL receptors recognition by the cytokine TRAIL (Moulin and Arrigo 2006; Moulin et al. 2007b ). Our interest here was to search for the apical proteolytic signal that triggers the intense apoptosis induced by TRAIL in HS-treated cells. In this respect, the recent reports concerning the apical signaling leading to heat-induced cell death are contradictory. On one hand, the caspase initiator caspase-2 has been suggested to act as a proximal mediator of HS-induced apoptosis (Tu et al. 2006) , and on the other hand, a novel apical protease bearing caspase-like activity has been suggested (Milleron and Bratton 2006) . In the present study and as an approach to better understand which proteolytic event is activated first, we focused on caspase activation upon the combined treatment vs TRAIL treatment alone. As a first step of the analysis, we have determined the hierarchical order of the processing caspase events in Jurkat cells exposed to HS + TRAIL death stimulation. Unexpectedly, a very early event that characterizes the HS + TRAIL stimulus is the activation of the executioner caspase-3 together with the initiator caspase-2 and caspase-8. Caspase-9, implicated in the apoptosome formation, is activated subsequently. These results confirm that the mitochondrial pathway does not seem essential to the HS + TRAIL signaling of apoptosis, as we have previously shown that Bcl-2 overexpression only partially blocked death induced by the cotreatment (Moulin et al. 2007b) .
We then used siRNAs to down regulate caspases levels in cells. The observations were that caspase-2 or caspase-9 silencing had no effect on the apoptotic events induced by either TRAIL or HS + TRAIL cotreatment. As expected, the siRNAs targeting caspase-8 strongly protected cells from HS + TRAIL-induced apoptosis. This is in accordance with our previous observations using caspase-8-deficient Jurkat cell lines (Moulin and Arrigo 2006) . It is clearly established that caspase-8 is the initiator caspase upon death receptor stimulation whether it be Fas or TRAIL (Walczak and Krammer 2000) . In spite of the fact that caspase-2 has been found in the DISC induced by Fas, this caspase does not appear to play an initiating role in Fas death signaling (Lavrik et al. 2006) . It is of interest that, using an siRNA approach, we were unable to detect a role of caspase-2 in the death treatment induced by HS + TRAIL. Indeed, we observed that the cosilencing of caspase-2 and -8 did not increase the death protection generated by caspase-8 silencing alone. Caspase-3 silencing was effective but to a lesser degree than caspase-8 silencing, a result probably due to the poor silencing efficiency that was obtained using siRNAs targeting caspase-3.
Using caspase inhibitors, we concluded that 10 μM of the pan caspase inhibitor zVAD completely inhibited the processing of all caspases, as well as the cell death induced by the HS + TRAIL combined treatment. In the presence of caspase-2, -3, -8, and -9 inhibitors, some protection against HS + TRAIL induced cell death, particularly in the case of caspase-8 inhibitor, was observed, but at least 30 μM of the different caspase inhibitors had to be used. Hence, we cannot exclude some nonspecificity of these inhibitors when they are used at such high concentrations (Bang et al. 2004 ). Analysis of the cleaved fragments revealed that the processing of the different caspases was not completely blocked. An unexpected finding was that the inhibition of the processing of caspase-3 induced by DEVD-fmk caspase-3 inhibitor, as well as by the other caspase inhibitors, was different after TRAIL or HS + TRAIL treatment. The normal cleavage of pro-caspase-3 by an initiator caspase is at Asp175, leading to two caspase-3 subunits p20 and p12. The p20 subunit still contains the prodomain that is removed by Asp28 cleavage leading to the p17 subunit (Han et al. 1997) . Such p17/p12 subunits were observed in response to TRAIL and HS + TRAIL treatments. However, this process was not detected in the presence of caspase inhibitors and was replaced by two intermediate caspase-3 forms that displayed different levels depending on the inhibitor and the HS or HS + TRAIL conditions that were used. Unusual caspase-3 fragments have been previously reported (Deveraux et al. 1998; Martin and Panja 2002; Martin et al. 1996) , but the proteases responsible for this processing are still unknown.
Using in situ trapping of caspase initiators by pretreatment with b-VAD-fmk, we observed the full-length procaspase-2, suggesting that this caspase participates early during the HS + TRAIL activation process. However, its presence may not be essential because depletion by an RNAi approach was devoid of effect. We also detected the p18 cleaved form of caspase-8. This observation concerning the detection of the cleaved form of caspase-8 is reminiscent of controversial studies performed in Jurkat cells exposed to Fas (Mohr and Zwacka 2007; Tu et al. 2006) . For example, Mohr and Zwacka (2007) have shown that processed forms of initiator caspase-8 rather than its full length, has described by Tu et al. 2006 , were precipitated with this method. The divergent results concerning the caspase initiator trapped by bVAD-fmk could not be explained by the cell lines used (both with Jurkat) but may have arisen from the type of Fas reagent used; in one case it was CH11 agonist antibody and in the other case it was Fas-ligand. More surprising was the finding by in situ trapping of the presence of the caspase-3 pro-and intermediate forms in response to HS + TRAIL treatment. These observations suggest that this polypeptide has an initiator role and accumulates when further processing by other caspases is inhibited. Of interest, Yang et al. (2006) have already suggested an apical role for caspase-3 (Yang et al. 2006) .
Hence, we have examined caspase implication in HS + TRAIL-induced apoptosis. We showed, using siRNA method, in situ trapping, and caspase inhibitors, that caspase-8 is essential in the death stimulation mediated by the combined treatment. Moreover, our findings favor the hypothesis that caspase-3 could play an apical role through a particular processing by an unknown protease.
